Highlights d CART is a molecular signal that encodes caloric information for meal termination d Vagal CART synthesis is blunted in obesity partly due to reduced sensitivity to CCK d Knockdown of vagal sensory CART increases food intake by preventing negative feedback d NTS administration of CART inhibits food intake in both lean and obese rats
INTRODUCTION
The vagus nerve plays an important role in the control of food intake and energy homeostasis (de Lartigue, 2016) . Vagal afferent terminals in the gut sense gastrointestinal signals, including hormones released from enteroendocrine cells (Lal et al., 2001; Williams et al., 2009) , mechanical distension (Kentish and Page, 2014) , and nutrients (Babic et al., 2012; Darling et al., 2014) . This information is relayed centrally to neurons of the nucleus tractus solitarii (NTS) to control meal termination (Harding and Leek, 1973) . In obesity, sensitivity of vagal afferent neurons (VANs) to satiation hormones Daly et al., 2011; de Lartigue et al., 2012; Duca et al., 2013) , distension (Daly et al., 2011; Kentish et al., 2012) , and nutrients (Covasa et al., , 2001 Duca et al., 2012) is reduced, thereby preventing gastrointestinal-mediated neuronal activation in the NTS . Clinical studies using vagal neuromodulation are showing early signs of success for treating obesity (Ikramuddin et al., 2014) , highlighting the vagus nerve as a viable peripheral therapeutic target.
The cocaine-and amphetamine-regulated transcript (CART), a neuropeptide transmitter that is expressed in a subpopulation of VANs (Broberger et al., 1999; de Lartigue et al., 2007; Kupari et al., 2019; Zheng et al., 2002) innervating the gut (Bai et al., 2019; Zheng et al., 2002) , may be an important molecular signal for control of food intake. CART was originally discovered as a differentially expressed transcript in the striatum of rats in response to cocaine and amphetamine (Douglass et al., 1995) but was subsequently found to be distributed in regions of the brain associated with eating behavior (Koylu et al., 1997) . Central administration of the active peptide CART 55-102 inhibits eating in a dose-and time-dependent manner (Kristensen et al., 1998; Lambert et al., 1998) , whereas neutralizing endogenous CART with CART antibody increases food intake (Kristensen et al., 1998; Lambert et al., 1998) , suggesting CART has anorexigenic properties.
Extensive CART colocalization with the receptor for the gastrointestinal hormone cholecystokinin (CCK1R) in nodose ganglia (NG) led to the hypothesis that vagal CART mediates the satiating effects of CCK (Broberger et al., 1999) . In support of this concept, peripheral administration of CART enhanced CCK-induced satiation (De Lartigue et al., 2010) , and transient knockdown (KD) of NG CART prevented CCK-induced satiation (Heldsinger et al., 2012) . Furthermore, CCK increases CART synthesis and release in cultured NG neurons (de Lartigue et al., 2007 (de Lartigue et al., , 2010 Heldsinger et al., 2012) . In vivo, postprandial CCK increases CART expression in NG neurons, a process that is potentiated by leptin and inhibited by ghrelin (de Lartigue et al., 2007 (de Lartigue et al., , 2010 (de Lartigue et al., , 2014 . Nevertheless, the site of action of NG CART and its role in the control of food intake remain controversial. A recent study failed to observe eating-induced CART expression changes in the NG during the light phase (Yuan et al., 2016) . Although 3 rd and 4 th ventricular injection of exogenous CART reduced food intake (Aja et al., 2002; Skibicka et al., 2009; Zheng et al., 2002) , intraparenchymal NTS (intraNTS) injection failed to reduce short-term sucrose intake (Zheng et al., 2002) , or 24 h intake of chow (Skibicka et al., 2009) , raising the question of whether NG CART release into the NTS is capable of affecting eating behavior. Finally, although acute CART KD in NG neurons abolished satiation caused by exogenous administration of combined CCK and leptin (Heldsinger et al., 2012) , it is unknown whether chronic disruption of NG CART expression has long-term effects on food intake and body weight.
The aim of this study was to determine whether CART signaling in the gut-brain axis could play a role in obesity. To address this question, we first investigated the mechanism that controls NG CART expression, the site of NG CART action, and its role in controlling food intake in lean animals. We next examined whether consuming a palatable energy-dense diet disrupts NG CART expression and whether this disruption is sufficient to promote hyperphagia and weight gain. Finally, we tested whether dietary intervention or restoring CART signaling in the NTS. acutely could reduce food intake in obese rats.
RESULTS

VAN CART Expression Increases In Proportion to Food Intake
Lean chow-fed rats underwent a 48 h fast with or without 2 h of ad libitum access to food. Stomach contents were weighed to verify the absence or presence of food intake in both conditions ( Figure S1A ). 2 h refeeding increased both the CART protein concentration and the percentage of CART+ neurons in the NG compared with lean rats fasted 48 h ( Figures 1A-1C ; Figures S1B and S1C). Eating-induced CART expression in VANs was observed in both left and right NGs (Figures 1B and 1C) : however, the effect was more pronounced in the right NG in lean rats (Figures 1B and 1C;  Figure S1D ) as a result of greater CART depression under fasting conditions in the right NG compared with the left NG.
CART fibers are localized throughout the length of the NTS., and we confirmed previous findings (Zheng et al., 2002) that these are most densely found in the medial NTS (mNTS) and commissural NTS ( Figure 1D ). To determine the extent of CART expression in vagal fibers, we injected an anterograde tracer (biotinylated dextran amine [BDA], 10% w/v) into the NG. and colocalized CART and BDA in the NTS. We found extensive colabeling between CART and BDA in the mNTS and the commissural NTS in both fed and fasted conditions (Figures 1D and 1E) . Refeeding increased CART expression ( Figure S2A) , with no effect on BDA staining, ( Figure S2B ) equally in both left and right mNTS ( Figure S2C ). Quantification of correlation using Pearson's coefficient (Dunn et al., 2011) indicates that vagal CART expression increases with refeeding compared with fasted conditions in the NTS. ( Figure 1E ). These data indicate that CART synthesized in the NGs is transported to the NTS. within 2 h of a meal and stored in vagal fibers, presumably ready for release at a subsequent meal.
To test the hypothesis that VAN CART expression encodes food intake in a calorie-dependent manner, we quantified CART protein concentration by enzyme immunoassay (EIA) in the NG in response to defined meal sizes in lean rats. After an overnight fast, consumption of a pre-weighed chow or a highfat, high-sugar (HFHS) meal increased NG CART protein concentration in a calorie-dependent manner ( Figure 1F ). Using analysis of covariance (ANCOVA), we found no difference in CART expression between chow and HFHS meals when calorie intake was used as a covariate ( Figure S1E ). However, when the weights of meals were used as a covariate, CART expression showed significantly different slopes between chow and HFHS ( Figure S1F ). Importantly, in the light phase when animals have access to food but opt not to eat, NG CART expression levels were similar to those of fasted animals ( Figure S3 ). To dissociate the role of calories and volume on CART expression, we gavaged trained rats with either Ensure (3 mL, 10 kCal) or 2% methylcellulose (3 mL, 0 kCal), and found that Ensure, but not methylcellulose, increased EIA quantification of NG CART abundance ( Figure 1G ). Altogether, these findings are consistent with the idea that CART expression does not depend on weight or volume of food, nor the absence of hunger, but rather encodes information about calorie intake.
Exogenous CART Administration into the NTS Reduces Food Intake
Because CART is synthesized in the NG (Broberger et al., 1999) , transported to the NTS (Broberger et al., 1999; Zheng et al., 2002) , and at least in culture released from VANs in response to postprandial gastrointestinal humoral signals (De Lartigue et al., 2010) , we hypothesized that NG CART inhibits food intake at the levels of the NTS. Therefore, we first sought to determine whether injection of exogenous CART peptide into the NTS is anorexigenic and activates NTS neurons. Thirty min into the dark phase, we injected either CART (200 pM) or saline (100 nL) into the right mNTS in rats fasted on wire-bottom floors overnight. Following infusion, rats were immediately returned to their home cage and food intake was measured for 2 h (Figure 2A ). The site of injection was validated by retrobeads ( Figure 2B ). CART transiently reduced food intake in lean fasted rats 60 and 90 min postinjection ( Figure 2C ). In separate fasted rats, c-Fos expression was increased in mNTS and area postrema neurons 90 min following NTS infusion of CART compared with saline ( Figures 2D-2F ; Figure S4 ). This demonstrates that CART in the NTS is capable of reducing food intake and activates NTS and area postrema (AP) neurons at the site of vagal afferent terminal fields. In fed lean rats, exogenous CART failed to reduce food intake ( Figure 2G ), suggesting that the anorexigenic effect of CART depends on the feeding state and on low endogenous NG CART levels.
verified by retrobead infusion ( Figure 3B ). In ad libitum chowfed lean rats, CART antibody injection into the NTS 1 h into the dark phase dose-dependently increased food intake (Figure 3C) . The highest dose of CART antibody (2 ng/mL) resulted in an increase of up to 3-fold in food intake 2 h postinjection ( Figures 3C-3E ). To validate the use of CART antibody to inhibit endogenous CART, we neutralized CART antibody by 24 h incubation with CART peptide. This prevented the stimulatory Figure 1 . VAN CART Expression Increases Proportional to Food Intake (A) EIA quantification of CART protein concentration from both left and right NG doubles with refeeding (n = 4; unpaired two-tailed t test, p = 0.0008). (B) Percentage of CART-positive neurons increases in both left and right NG after refeeding (n = 6; two-way ANOVA, F(1,9) = 7.27; Sidak's post hoc comparison, **p < 0.0025, ***p < 0.0001). (C) Representative stitched images of CART expression in the left or right NG from lean rats fasted 48 h on wire floors or fasted 46 h and refed for 2 h. Scale bar, 100 mm. (D) Representative images of vagal fibers (BDA, red), CART (green), or overlay in dorsal vagal complex (DVC) from rats fasted overnight for 16 h or fasted and refed for 2 h in the dark phase. Scale bar, 200 mm. Insert shows higher magnification of CART and BDA in the NTS. Scale bar, 100 mm. (E) Quantification of CART and BDA overlap, using Pearson's coefficient, increases with refeeding in the NTS (n = 4-5; unpaired two-tailed t test, p = 0.0176). (F) EIA of NG CART concentration increases proportionally with caloric intake in lean animals fed chow or an HFHS diet (n = 20; linear regression, slope different from 0, F(1,18) = 69.36, p < 0.0001). (G) EIA of NG CART from fasted rats 2 h after gavage of 3 mL of methylcellulose (2% w/v, 0 kCal) or Intralipid (50%, 10 kCal) (n = 4; unpaired twotailed t test, p = 0.05). effect of the antibody on eating ( Figure S5A ), indicating that overeating occurs when endogenous CART signaling is blocked.
In fasted lean rats, CART antibody had no effect on 2 h food intake (Figures 3D and 3E) . Thus, CART antibody-mediated hyperphagia occurs in the fed state, when VAN CART expression is high, but not in the fasted state, when CART expression is depressed ( Figures 1A-1C ).
The NTS receives numerous CART+ afferent inputs from central sites (Zheng et al., 2002) . Therefore, to test whether afferent terminals originating from a vagal source are necessary for endogenous CART-induced satiation in the NTS, we removed vagal inputs by unilateral nodosectomy with ipsilateral or contralateral CART antibody infusion into the right mNTS ( Figure 3F ). Right nodosectomy severely blunted ipsilateral CART antibody-induced hyperphagia ( Figures 3G and 3H ), while left nodosectomy with contralateral CART antibody infusion into the right mNTS did not prevent increased food intake ( Figures 3G and 3H ). Comparing 2 h intake of intact, left-nodosectomy, or right-nodosectomy rats confirms that vagal inputs into the NTS are required to block the stimulatory effects of intraNTS CART antibody infusions on eating ( Figure 3H ). Altogether, these data support the idea that intact vagal afferent inputs into the NTS are required for the anorexigenic effect of endogenous CART.
NG CART KD Is Sufficient to Increase Food Intake and Body Weight
To determine whether reduced vagal CART expression would affect long-term energy homeostasis, we used a lentiviral (LV)mediated short hairpin RNA (shRNA) approach for selective KD of CART expression in VANs. In vivo, injection of LV-short hairpin CART (shCART) bilaterally into the NG significantly reduced CART mRNA (33.0% ± 0.3%) and protein expression (34.8% ± 0.6%) compared with rats injected with the same lentiviral vector expressing control non-specific target shRNA (LV-shCTR; Fig (C) In overnight fasted lean animals, intraNTS CART injection reduced food intake at 60 and 90 min (n = 5; two-way ANOVA, interaction F(4,12) = 10.08, p < 0.0008; Sidak's multiple comparison test, **p = 0.0017, ***p < 0.0001). (D) intraNTS injection of CART increases c-Fos expression in neurons of the mNTS (n = 6; two-way ANOVA, interaction F(2,19) = 0.552, p = 0.58; Sidak's multiple comparison test, *p = 0.034). (E and F) Representative images of c-Fos expression in the dorsal vagal complex 90 min after (E) saline or (F) CART. Scale bar, 100 mm. (G) In fed lean animals, intraNTS CART injection has no effect on food intake compared with saline treatment (n = 5; two-way ANOVA, interaction F(8,32) = 0.788, p = 0.617). not altered ( Figure 4C ), and calcitoningene-related protein mRNA (Calca) was identical in the NG of control and CART KD rats ( Figure 4D ), indicating that NG injection of LV-shCART is tissue specific and selectively targets CART. NG CART KD significantly increased body weight up to 20% more than controls by four weeks postinfection ( Figure 4E ). Concurrently, NG CART KD increased daily chow intake 17% compared with controls ( Figures 4F and 4G ). Overconsumption of food was driven by increased ingestion rate and meal size with no change in meal duration or meal number ( Figure 4H ). Hyperphagia and meal pattern differences were only observed during the dark phase, when rats consume most of their food ( Figures S6A-S6C ). No change in energy expenditure was observed (Figures 4I and S4J;  Figure S6D ). Reduced NG CART expression also abolished satiation induced by exogenous CCK (intraperitoneal [IP], 4 mg/kg) in 4 h fasted rats (Figure 4K) , confirming previous work suggesting that CART is required to mediate CCK-induced satiety (Heldsinger et al., 2012) . Therefore, we conclude that even partial loss of CART in the NG is sufficient to cause hyperphagia and weight gain by chronically increasing ingestion rate and meal size.
To fully evaluate whether endogenous CART released from the NG into the NTS is required to inhibit eating in response to a meal, we tested whether the hyperphagic effects of NTS CART antibody injection would be abolished by CART KD in the NGs. Viral-mediated CART KD in VANs abolished the stimulatory effect of CART antibody injected into the NTS under fed conditions ( Figure 4L ; Figure S5B ). These data confirm that CART antibody injections specifically inhibit endogenous CART and, crucially, that the inhibitory effects of endogenous CART released into the NTS come from a vagal source.
Calorie-Dependent Increase in VAN CART Expression Is Blunted in Diet-Induced Obesity
The NG have reduced sensitivity to peripheral postprandial signals in diet-induced obesity (DIO) (de Lartigue, 2016). Therefore, we hypothesized that NG CART expression would be blunted after chronic exposure to HFHS diet. Rats fed an HFHS diet for 8 weeks had 40% increased weight gain and were hyperphagic compared with lean chow-fed rats (Figures 5A and 5B) . Unlike lean rats, refeeding failed to increase the percentage of CART+ neurons or CART protein concentration in the NG of obese rats ( Figures 5C-5E ). Furthermore, CART protein concentration was not increased in a calorie-dependent manner in DIO rats ( Figure 5F ). Thus, chronic exposure to (C) CART antibody injected into the NTS of ad libitum-fed rats 1 h into the dark phase dosedependently stimulates food intake over 2 h compared with saline (n = 5-8; two-way ANOVA, interaction F(12,150) = 4.295, p < 0.0001; Tukey's post hoc comparison, *p < 0.05, **p < 0.01, ***p < 0.001). (D) In intact animals, CART antibody increases food intake compared with saline in fed conditions, but not in fasted conditions (n = 8/9; three-way ANOVA, interaction F(6,6) = 1.57, p < 0.016; Sidak's multiple comparison test, *p < 0.05, ****p < 0.0001). (E) 2 h food intake post-CART antibody injection in fasted versus fed lean rats (n = 9/8; two-way repeated measure (RM) ANOVA, interaction F(1,7) = 21.83, p = 0.002; Sidak's multiple comparison test, **p = 0.002). (F) Unilateral nodosectomy of the right NG with ipsilateral or the left NG with contralateral NTS injection of saline (100 nL) or CART antibody (2 ng/mL). (G) In fed conditions, nodosectomy prevented hyperphagia of ipsilateral (n = 9; two-way RM ANOVA, interaction (4,32) = 2.233, p = 0.088; Bonferroni's multiple comparison test, *p < 0.05), but not contralateral (n = 8; two-way RM ANOVA, interaction F(4,28) = 7.533, p = 0.0003; Bonferroni's multiple comparison test, *p < 0.05, ***p < 0.001), NTS injection of CART antibody. (H) 2 h food intake following intraNTS CART antibody injection in intact, ipsilateral nodosectomy, and contralateral nodosectomy rats (n = 8/9/9; two-way ANOVA, interaction F(2,23) = 5.885, p = 0.009; Sidak's multiple comparison test, *p < 0.05, ***p < 0.001). energy-dense palatable foods impairs vagal sensitivity to peripheral food cues and/or intracellular signaling mechanisms, resulting in constitutively blunted postprandial NG CART synthesis in obesity. Interestingly, refeeding failed to significantly increase the percentage of CART+ neurons of both left and right NG in DIO rats; however, meal-induced CART expression was significantly lower in the right NG ( Figures 5D and 5E ). In obese rats, CART antibody injection into the NTS did not alter food intake in either fed or fasted conditions ( Figures 5G and 5H ), suggesting that there are low levels of endogenous CART released in the NTS in obesity. In support of this, we found that CART immunoreactivity was reduced in HFHS-fed rats compared with lean rats selectively in the commissural NTS ( Figures 6A and 6B ).
Next, we assessed the mechanism responsible for blunted NG CART expression in obesity. Previous work has demonstrated that CCK is necessary and sufficient for postprandial CART NG expression in lean animals (de Lartigue et al., 2007) . In obese rats, CCK induced satiation and c-Fos expression in the NTS have both been demonstrated to be reduced (Covasa and Ritter, 1998) . Therefore, we hypothesized that reduced sensitivity to CCK in the NG of obese rats was responsible for blunted NG CART expression. To test this, we fed rats either chow or HFHS diet for 8 weeks. Exogenous administration of CCK (IP, 2 mg/kg) reduced food intake in chow-fed rats, but not HFHSfed rats ( Figure 6C ), and this coincided with reduced CART concentration in the NG measured by EIA ( Figure 6D ), and c-Fos in the NTS measured by immunocytochemistry ( Figure 6E ), in HFHS-fed compared with chow-fed rats. In a separate batch of age-matched rats, we found 51% reduction in CCKa receptor mRNA expression in HFHS-fed compared with chow-fed rats ( Figure 6F ), suggesting reduced CCKa receptor expression may be at least partially responsible for blunted NG CART expression in DIO. CART mRNA expression (n = 7; unpaired two-tailed t test, p = 0.0022) and (B) CART protein concentration (n = 7; unpaired one-tailed t test, p = 0.025). (C and D) NTS CART mRNA expression (n = 7; unpaired one-tailed t test, p = 0.293) (C) and CGRP mRNA in the NG (n = 7; unpaired two-tailed t test, p = 0.452) (D) are unaffected by NG CART KD. (E and F) Body weight gain per week (n = 10/8; twoway ANOVA, interaction F(3, 48) = 1.907, p = 0.141; Sidak's multiple comparison test, *p = 0.02, ***p < 0.0043) (E) and average daily chow intake per week (n = 8 control, n = 7 KD; two-way ANOVA, interaction F(3,39) = 1.233, p = 0.31; Sidak's multiple comparison test, *p < 0.05) (F) are increased in KD. (G) Cumulative food intake over a 24 h period highlighting hyperphagia occurs primarily in the dark phase (n = 8/7; two-way ANOVA, interaction F(24,312) = 1.9, p = 0.008; Sidak's post hoc multiple comparison test, *p < 0.05). (H) Table attributing increased food intake to an uncompensated increase in ingestion rate and meal size (n = 8/7; unpaired Student's t test). (I) Average daily energy expenditure (days 14-19 postoperation) is unchanged between groups (n = 7/ 9; two-way ANOVA, F(22,322) = 0.914, p = 0.577). (J) Average hourly energy expenditure over 24 h is unaffected by NG CART KD (n = 7/9; two-way ANOVA, F(22,322) = 0.914, p = 0.577). (K) CCK-induced satiation is blunted in CART KD rats (n = 7/9; two-way ANOVA, F(1,13) = 1.86, p = 0.20; Sidak's multiple comparison test, *p = 0.021). (L) In CART KD rats, intraNTS CART antibody failed to increase food intake (n = 8/7; two-way ANOVA, F(4,24) = 1.04, p = 0.407).
Blunted Vagal CART Expression in DIO Is Not Restored by a Dietary Intervention
Next, we addressed whether the downregulation of CART expression seen in DIO rats is reversible by a dietary intervention. Rats fed an HFHS diet for 8 weeks, when they weighed significantly more than chow-fed rats, were switched back to chow for more than 5 months ( Figure S7A ). After an initial weight loss in the first 2 weeks of dietary intervention, body weight plateaued before ending at a higher level compared with animals exclusively maintained on chow ( Figure S7A ). Daily food intake was greater while on an HFHS diet and was still higher more than 5 months after dietary switch compared with chow controls ( Figure S7B ). At this later time point, CART expression remained blunted in NG neurons after refeeding ( Figure 6G ). The percentage of CART+ neurons in both left and right NG ( Figures 6G and 6H ) was similar to that of obese rats maintained on an HFHS diet for 8 weeks ( Figures 5D and 5E) , with no quantifiable increase in postprandial CART expression. Importantly, age-matched chow-fed controls retained calorie-induced CART expression ( Figures S7C  and S7D ). Therefore, preventing consumption of an obesogenic diet alone is not sufficient to restore NG CART expression following the onset of DIO.
The Anorexigenic Effect of CART NTS Injection Is Preserved in DIO Rats
Finally, we tested whether NTS neurons remain sensitive to CART and whether CART could reduce food intake in DIO rats. Administration of exogenous CART into the NTS of DIO rats reduced food intake in fasted rats, though with slower kinetics (Figures 7A and 7B) . Unilateral intraNTS administration of CART increased c-Fos expression at the site of injection compared with saline in the NTS of DIO rats, irrespective of injection side in a counterbalanced design ( Figures 7C and 7D ). Unlike fed lean rats, which were unresponsive to exogenous CART ( Figure 2G ), fed DIO rats reduced 90 min food intake in response to CART administration into the ; Two-way ANOVA, interaction F(4,40) p<0.0001; Sidak's multiple comparison **p<0.0079, ***p<0.0001) and (B) energy intake (n = 6; Two-way ANOVA, Interaction F(4,40) p = 0.0003; Sidak's multiple-comparison test, *p = 0.0178, **p = 0.0054, ***p = 0.0002) of rats fed either HFHS or chow diet for 8 weeks.
(C) EIA quantification of CART protein concentration from both left and right NG from obese rats fasted 48 h or fasted and refed 2 h (n = 4; unpaired two-tailed t-test p = 0.078). (D) The percent of CART + neurons remains unchanged in response to 2 h refeeding in left or right NG (n = 4, two-way ANOVA, interaction F(1,12) = 0.9906, p = 0.34, Sidak's post-hoc comparison). (E) Representative stitched images of left or right NG CART expression from DIO rats either fasted 48 h or refed 2 h. Scale bar, 100 mm. (F) NG CART concentration increased linearly with caloric intake in lean rats fed a HFHS meal (n = 10), but not in DIO rats (n = 7; differences in linear regression slopes F(1,13) = 119, p<0.0001). (G) In DIO rats, intraNTS injection of CART antibody (2ng/ml) had no effect on caloric intake compared with saline (100 nl) in fasted or refed conditions (n=10/9; three-way ANOVA, F(4,4) = 0.12, p = 0.98). (H) 2 h food intake post CART antibody injection in fasted vs. fed DIO rats (n = 9/10; two-Way ANOVA, interaction F(1,8) = 0.27, p = 0.62). Figure 7E ). These data further indicate that the anorexigenic effect of exogenous CART depends on low endogenous NG CART levels. Altogether, these data provide important evidence that NTS neurons remain sensitive to CART in DIO.
NTS (
DISCUSSION
CART expression in the NG neurons has been implicated in gut hormone-mediated inhibition of food intake (de Lartigue et al., 2007 (de Lartigue et al., , 2010 Heldsinger et al., 2012) . Here we address many outstanding questions about NG CART signaling and its role in the control of eating behavior under physiological conditions. Specifically, we show that (1) CART expression in the NG encodes caloric information to the brain, (2) CART activation of NTS neurons is sufficient to reduce food intake, and (3) release of endogenous CART from the NG into the NTS is necessary to inhibit eating. Furthermore, we identify that in DIO, CART expression in the NG is constitutively low irrespective of the feeding state, possibly via a mechanism involving impaired CCK sensitivity by sensory vagal neurons. Partial loss of CART expression in the NG, as mimicked by viral-mediated KD, increased food intake and body weight in chow-fed rats, providing supporting evidence that blunted NG CART expression is sufficient for hyperphagia and weight gain. Although dietary switch from an HFHS diet to chow failed to restore postprandial NG CART expression in DIO, intraNTS CART injection retained its anorexigenic effect in DIO rats. Altogether, the data identify CART as an important anorexigenic signal in VANs capable of modulating energy intake; disruption of CART vagal signaling causes weight gain, the hallmark of obesity.
We confirm previous reports (de La Serre et al., 2015; de Lartigue et al., 2007 de Lartigue et al., , 2010 de Lartigue et al., , 2014 Lee et al., 2011) that in lean animals, CART expression is low after a fast and is upregulated after a meal in the dark phase. We find that both 48 h fasting in the immunohistochemistry experiments and overnight fasts in the EIA resulted in low CART levels, which were increased with refeeding. Thus, CART expression changes occur consistently (B) Quantification of NTS CART is lower in the NTS of HFHS-fed compared with chow-fed rats (n = 4-6; unpaired two-tailed t-test, p = 0.0166). (C) CCK (IP, 2ug/kg) reduces 1 h food intake in chow, but not HFHS, fed rats (n = 5; Two-Way ANOVA, interaction F(1,8) = 5.834, p = 0.04; Sidak's multiple comparison **p < 0.0085). (D) EIA quantification of CART protein concentration from pooled left and right NG increases more in response to CCK (IP, 2ug/kg) in chow than HFHS fed rats (n = 5; unpaired two-tailed t-test, p = 0.0048). (E) c-Fos in the NTS increases more in response to CCK (IP, 2ug/kg) in chow fed compared to HFHS fed rats (n=5; unpaired two-tailed t-test, p = 0.04). (F) CCKa receptor mRNA expression is lower in the NG of HFHS-fed, compared to chow-fed, rats (n = 11-12; unpaired two-tailed t-test, p = 0.0008). (G) Representative stitched images of right NG from rats obese rats fed a high fat diet for 8 weeks and switched to chow for 5 months. Dietary intervention failed to rescue low CART expression in NG in DIO rats in both fasted and refed conditions. Scale bar, 100 mm. (H) Percent CART + NG neurons remains blunted with re-feeding. (n = 3; unpaired two-tailed t-test p = 0.703) across a spectrum of physiological conditions. Furthermore, we replicate a contradictory report (Yuan et al., 2016) demonstrating that food availability had no impact on CART expression in the left NG during the light phase. We hypothesized that food intake may account for the apparent paradox and therefore quantified the amount of food consumed in either of these experimental feeding paradigms. Notably, gastric content was present in similar levels in both ad libitum-fed and fasted rats 3-5 h into the light phase. Gastric content in both of these groups was significantly higher than in animals fasted 48 h on wire floors and trended lower than in animals fasted and refed for 2 h in the dark phase. Presumably, the low levels of food in the ad libitum-fed rodents is because rats consume few to no calories in the early hours of the light phase, whereas the elevated levels of gastric content in the fasted animals are a result of coprophagy. Based on the differences in gastric content between the experimental paradigms, we conclude that nutrient-induced postprandial signals, rather than food availability or the absence of hunger alone, are required to increase CART expression. In support of this, gavage of calorie-rich Ensure increased NG CART expression compared with the same volume of non-absorbable methylcellulose. Future work will be necessary to determine the role of individual macronutrients on NG CART synthesis; however, extensive literature supports the view that food ingestion results in release of gastrointestinal hormones, and we confirm previous studies demonstrating a causal relationship between the gastrointestinal satiety hormone CCK and the postprandial rise in CART expression in VANs (de Lartigue et al., 2007) . We extend previous findings with three additional lines of evidence to support a role for CCK in CART expression. First, ingestion of fewer grams of HFHS diet was required compared with low-fat chow for equivalent increases in NG CART concentration, consistent with fat as a potent stimulator of CCK release (Liddle et al., 1985) . Second, CART expression was constitutively low in DIO animals, when vagal sensitivity to CCK (Daly et al., 2011) and CCK-induced satiation are blunted (Covasa and Ritter, 1998) . Finally, reduced sensitivity to CCK in obesity, as characterized by reduced CCK-induced c-Fos labeling in the NTS and reduced satiation, results in blunted CCK-induced CART expression in the NG compared with those of lean controls. Thus, one key reason for the discrepancy in the literature is that experimental paradigms in which animals do not have a surge in CCK release are unlikely to result in CART upregulation. Additional factors that may account for the discrepancy in the literature include that circadian cycle influences CART expression (Turek et al., 2005) and that CART expression changes are more pronounced in the right NG. Thus, the signal-to-noise ratio may be too small to observe changes in CART expression in the left NG of partially fasted animals in the light phase, especially given that basal fasting levels of CART in the left NG are high. Altogether, our findings emphasize the importance of controlling for the time of last meal and the calories consumed when studying the neurochemical phenotype of metabolic neurons.
We provide direct evidence that CART is an anorexigenic neuropeptide that controls food intake at the level of the NTS. CART peptide infused into the NTS is sufficient to reduce food intake when endogenous NG CART is low. Conversely, blocking endogenous CART signaling within the NTS using CART antibody resulted in a dose-dependent increase in food intake compared with saline. Although there is solid evidence concerning the identity of the CART receptor (Yosten et al., 2020) , the absence of a viable antagonist necessitates the use of CART antibody. This approach has previously been used to immunoneutralize CART-induced anorexia centrally (Kristensen et al., 1998) , and we validated this approach by demonstrating that pre-incubating CART antibody with CART peptide abolished the stimulatory effect of intraNTS CART antibody on food intake. Although antibodies are too large to penetrate synapses (Cartwright et al., 2014) , neuropeptides are extensively released extrasynaptically (Trueta and De-Miguel, 2012; Zhu et al., 1986) .
In our experiments, we find that CART antibody alone fails to increase food intake in fasted conditions when endogenous vagal CART is low, suggesting that baseline levels of CART in the brain (Bakhtazad et al., 2016) are insufficient to influence food intake. The effects of CART antibody uniquely occur in fed rats, consistent with the idea that CART antibody is neutralizing CART released locally in response to a meal. Several brain regions contain CART neurons that innervate the NTSs (Zheng et al., 2002) . However, we provide multiple lines of evidence that NG fibers (from VANs) are a primary source of the endogenous CART in the NTS that controls food intake. First, stimulatory effects of CART antibody on food intake only occurred in fed lean animals when endogenous NG CART expression was elevated, whereas the inhibitory effects of CART were restricted to when NG CART expression was low (i.e., fasted or DIO). Second, removing NG cell bodies and fibers as a source of NTS CART by unilateral nodosectomy prevented hyperphagia following ipsilateral, but not contralateral, injection of CART antibody into the NTS. Most convincingly, KD of CART selectively in NG neurons abolished the eating-stimulatory effects of CART antibody, conclusively demonstrating that the anorexigenic effects of endogenous CART in the NTS results from CART released from (B) In fasted obese rats, right intraNTS injection of CART reduced caloric intake at 90 and 120 min compared with saline (n = 5; two-way ANOVA, interaction F(4,20) = 5.518, p = 0.004; Sidak's multiple comparison test, **p < 0.003). (C) CART was injected into the right or left NTS, and the same animal received contralateral injection of saline. After counterbalancing, intraNTS injection of CART increased c-Fos expression in neurons of the NTS compared with saline in the same obese fasted rats (n = 6; two-way ANOVA, interaction F(2,30) = 0.062, p = 0.94; Sidak's multiple comparison test, *p < 0.05). (D) Representative image of c-Fos expression in the dorsal vagal complex 90 min after intraNTS infusion of saline (left) and CART (right). (E) In fed DIO rats, counterbalanced injection of CART intraNTS reduced caloric intake compared with saline (n = 6; two-way ANOVA, F(4,20) = 1.48, p = 0.245; Sidak's multiple comparison test, *p < 0.05). Scale bar, 100 mm. Inserts: NTS is shown in higher magnification. Scale bar, 50 mm. vagal afferent fibers. A previous report indicates that intraNTS CART injection causes a rapid and sustained hypothermic response (Skibicka et al., 2009) . However, rats with NG CART KD displayed no change in energy expenditure. This may point to different sources of CART-expressing afferent fibers signaling to distinct subpopulations of NTS neurons to regulate energy balance via separate mechanisms or roles for modulators in controlling CART effects in the NTS (Smedh et al., 2019) .
The kinetics of CART signaling within the NTS were surprising. There was a noticeable delay in the eating response to CART or CART antibody infusion into the NTS, both requiring 60-90 min to take effect. The reason for the delayed eating effects remains unclear, but the findings are supported by a previous study in which there was no change in sucrose intake up to 30 min after NTS CART injection (Zheng et al., 2002) . Importantly, we demonstrate that intraNTS injection of CART activates neurons of the NTS, suggesting that CART acts through a NTS-mediated circuit. Although it is not possible to exclude the possibility that CART is leaking into the 4 th ventricle, the dose of CART we injected into the NTS (200 pM in 100 nL) is considerably less than doses of 4 th ventricle CART (2-75 mM in 0.1-5 mL) required to produce an anorexic response (Aja et al., 2001a (Aja et al., , 2001b (Aja et al., , 2006 Smedh et al., 2015; Zheng et al., 2001 Zheng et al., , 2002 . It is plausible that the delayed eating effects in response to NTS administration reflect a physiological mechanism and/or are the consequence of a technical issue. For example, a subthreshold dose, slow dispersion kinetics through the tissue, or a high physiological drive to eat after a fast may have prevented drug efficacy during the first meal. After a fast, rats consume a large first meal followed by a large intermeal interval. By measuring food intake every 30 min, we may lack the time resolution to determine when the second meal occurs. This would be particularly important if extrasynaptic CART plays a modulatory role on postsynaptic gene expression and/or by priming NTS cells to respond to subsequent glutamate release (de Lartigue, 2014) . Alternatively, CART may activate a reward circuit that controls satisfaction or motivation to eat and therefore does not affect food intake immediately. This is supported by the recent identification of a polysynaptic reward circuit linking gut-innervating NG neurons to dopaminergic neurons of the substantia nigra (Han et al., 2018) . Although it is unknown whether CART-expressing NG neurons are responsible for this effect, it is striking that dopamine release in the dorsal striatum and behaviors associated with the hallmark of reward are mediated by the right NG, but not the left NG (Han et al., 2018) , in the same way that CART expression changes are more pronounced in the right NG. CCK recruits this reward circuit, and ablation of the right NG abolished the anorexigenic effects of CCK (Han et al., 2018) , suggesting that the right NG may play a critical role in meal termination caused by CCK-mediated satisfaction. While the delayed kinetics of CART raise intriguing questions for future investigations, our findings demonstrate that exogenous CART injection into the NTS increases c-Fos in the NTS and inhibits food intake, whereas blocking endogenous CART in the NTS increases food intake, consistent with an anorexigenic role for CART at the level of the NTS.
We identify a potential role for defective NG CART signaling in the pathogenesis of obesity. CART expression in the NG was blunted in response to a meal in animals fed an HFHS diet for 8 weeks. This correlated with low levels of endogenous anorexigenic CART in the NTS of DIO animals as demonstrated by the lack of effect of CART antibody in these animals. We demonstrate that knocking down CART protein selectively in the NG increases weight gain. The mechanism driving weight gain seems to be primarily the consequence of hyperphagia from uncompensated increases in meal size and ingestion rate that persist at each meal. A calorie-restricted pair-fed CART KD group was not included, but a key role for hyperphagia in driving weight gain is supported by the following: (1) CART did not reduce energy expenditure (even when controlling for body weight between groups), (2) the anorexigenic effects of endogenous CART in the NTS were lost after CART KD in the NG, and (3) hyperphagia preceded weight gain. We go on to demonstrate a role for reduced CCK sensitivity in DIO rats as a mechanism for blunted CART expression, possibly because of diminished CCKa receptor expression. Whether HFHS-diet-induced disruption in vagal CART signaling is causing the onset of obesity or causes a worsening of the phenotype remains an open question. Future experiments aimed at determining whether disrupted CART expression in the NG develops before or after weight gain in DIO will be important to address this question. More broadly, these data suggest that the vagus nerve influences the long-term regulation of energy homeostasis. Previous studies using vagotomy or subdiaphragmatic vagal deafferentation were used to suggest that the vagus nerve is only implicated in short-term control of food intake, because removing the vagus nerve does not cause weight gain. A major difference between these two surgeries and NG KD of CART is that CART KD does not ablate all vagal signaling from abdominal organs. CART KD retains glutamatergic and other neuropeptide signaling and thus conveys some metabolic information to the brain. Therefore, vagal sensory neurons may play an important yet underappreciated role in energy homeostasis, and more specifically blunted NG CART is involved in weight gain.
The finding that CART remained blunted in the NG even after switching DIO rats from an HFHS diet to chow may provide insight into the lack of clinical success in treating obesity with lifestyle modification. Indeed, dietary interventions can result in modest 5%-10% weight loss in obesity (Look, 2014) , with poor long-term body weight maintenance (Look, 2014) . Weight gain and obesity were associated with increased ingestion rates (Ohkuma et al., 2015) , while slower eating rates were correlated with greater maintenance of weight loss (Karfopoulou et al., 2017) , and reducing eating rates in obese individuals can be effective in managing weigh loss (Ford et al., 2009 ). Because CART KD in the NG increases ingestion rate, future experiments aimed at restoring CART in the NG of DIO animals using either pharmacological methods that mimic a large meal or molecular and genetic tools may be effective treatments alone or in combination with lifestyle modifications. In support of this approach, we demonstrate that the anorexigenic effects of CART in obese rats were retained when we bypassed blunted NG CART expression by injecting CART directly into the NTS. The observation that NTS neurons remain sensitive to CART in DIO provides a proof of concept that future CARTbased pharmacotherapies, combined with lifestyle interventions, could be a viable treatment option for obesity. with mean absorbance R 30% were consistently assigned as positive by all individuals, while lower mean absorbances were judged to be negative. Therefore, CART+ was used to refer to neurons with mean absorbance R 30% across all sections. In Figure S1 , we used the same protocol as described in Yuan et al. (2016) to express data as relative intensity and intensity quartiles. Immunofluorescence in the c-fos in the NTS was visualized and imaged using confocal microscopy (Nikon C2) at 10 3 and 20 3 magnification. Three sections per rat were quantified blinded at the levels of the DVC (bregma À13.6 through À14.2 mm) using NIS Elements software (AR 3.0, Nikon). The number of Fos+ nuclei or fibers in the visual field were quantified within a region delimited by the drawn contour surrounding the NTS or AP. The detection of Fos+ nuclei from background was based on image analysis of density. Detection of an object required that a group of pixels had a continuous round border with values of OD above threshold, surrounded by a border with optical densities below threshold.
STAR+METHODS KEY RESOURCES
CART and BDA fibers in the NTS were analyzed with Nikon imaging software (NIS-elements) using mean intensity fluorescence tool in ''automated Measurements'' For each animal, the analyzed sections were binned by calculating the average area across at least two serial sections. The reported values represent the group mean of these binned values. For colocalization between CART and BDA, a Pearson's correlation coefficient was determined using the ''co-localization'' tool in Nikon imaging software.
Gene Expression and Protein Analysis
The NTS was mircropunched using anatomical landmarks, and NG from the same animal were pooled before mRNA was extracted using Trizol (Life Technologies). RT quantitative PCR was performed in triplicate using SybR Green on a OneStep Plus instrument (Applied Biosystems), and results were analyzed using the 2ddCt method (Livak and Schmittgen, 2001) .
Enzyme Immunoassay
Food intake from each animal was weighed. NG pairs were collected and immediately frozen on dry ice. NG were weighed and homogenized in 2.5 mL solution buffer per gram of tissue (solution buffer: 1% triton-x 100; 7% protease inhibitor cocktail; 92% MPER) for 20-25 s on ice. The homogenate was centrifuged at 10,000 G at 4 C for 15 min. Supernatant was removed and stored at À80 C. Total protein content of the tissue was determined using a Pierce BCA Protein Assay Kit (23225, Thermo Scientific). The CART levels of NG samples were determined using an enzyme immunoassay (EIA) kit (61-102, Phoenix Pharmaceuticals) following the manufacturer's protocol. The results were read by EIA plate reader (Spectramax 340PC) at 450nm. Concentrations of peptide were calculated from standard curve and normalized to loaded protein.
Behavioral Studies
Food Intake Measurement and Meal Pattern Analysis In a crossover, counterbalanced experimental design, rats were overnight-fasted (24 h) on wire floors or ad libitum-fed and received a 100 nL NTS injection of saline, CART antibody (100 nl, 0-2 ng/ml), or CART (100 nl; 200 pM) 1 h into the dark phase. The final CART antibody concentration (2 ng/ml) was selected based on a preliminary study ( Figure 3C ), and the highest soluble concentration of CART peptide was used as previously described (Zheng et al., 2002) . Each treatment condition was conducted once, each rat receiving a maximum of four injections. Upon completion, rats were euthanized, 100 nL of retrobeads (Lumafluor Inc) were injected and perfused hindbrain tissue was collected for histological verification of cannula placement.
Immediately after intraNTS injection, rats were given access to pre-weighed respective diets, and intake less spillage was recorded manually every 20-30 min for 2 h. For the DIO animal cohort receiving intraNTS CART or saline injections (Figure 7) , food intake was continuously monitored by a BioDAQ feeding system. Extra large feeder openings were used for rats with implanted cannulas. Rats were acclimated to BioDAQ cages for 1 week prior to treatments. Notably, rats ate fewer calories in the BioDAQ cages ($5g/day). For CART KD rats, food was available through a niche and placed on scales (XS4001S; Mettler-Toledo) for continuous measurement as described previously (Karimian Azari et al., 2013) . Meal patterns were analyzed with custom software (BioDAQ, or LabX meal analyzer 1.4, Mettler-Toledo). Data are presented as average of a minimum of 3 days.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using Prism software (Prism 7.0; GraphPad Software, La Jolla, CA) and R (https://www.r-project. org/). Analyses made use of one-or two-way (repeated-measures) ANOVA and post hoc tests whenever relevant to correct for multiple comparison. All data are presented as means ± SEM. In all cases sample sizes (N) denote number of animals used. To assess potentially spurious results associated with non-normality, all significant effects were confirmed by rerunning the tests using the appropriate non-parametric test. Data are individually plotted (Prism 7, GraphPad), and the corresponding bar plot of the precision measures (mean ± SEM) were overlaid on the figure. The exact value of all N, df, T/F, c 2 and p values are reported in the figure legends. An effect was considered statistically significant whenever the corresponding statistic was associated with a p value (Bonferroni or Sidak-corrected when appropriate) equal to or less than 0.05.
DATA AND CODE AVAILABILITY
This study did not generate any unique datasets or code. The relative intensity of CART labeling in combined left and right NG neuron increases with refeeding compared with fasting (unpaired two-tailed Mann Whitney test p<0.0001). C) The frequency of low or high CART antibody expression in neurons was not different between groups (two-way ANOVA, F(3,32)=2.7, p=0.06). D) Images of left and right NG from lean rats 48 h fasted or 2 h re-fed, sectioned and stained on the same slide and imaged at x4 magnification. Scale bar 300µm. E-F) EIA quantification of CART in NG in lean animals fed either chow or HFHS diet. E) ANCOVA indicates a similar association between CART concentration and the food consumed irrespective of meal type (Chow or HFHS) when energy intake is used as covariate (no difference in slopes p=0.59 or intercepts p=0.97). F) This association is significantly different between meal types when food intake is expressed as grams (no difference in slopes p=0.25 but significantly different intercepts p=0.039). In fed lean animals, intraNTS CART antibody injection (2ng/ml) increases food intake compared to saline treatment. Neutralized CART antibody does not cause hyperphagia. (n=5/6/6; two-way ANOVA: interaction F(8,32)=3.739, p=0.003, Tukey multiple-comparisons). B) 2 h food intake in lean, KD and DIO rats following intraNTS CART antibody administration. CART antibody fails to increase food intake in rats with CART knockdown in NG, suggesting that in the NTS CART antibody blocks endogenous CART released from NG (n=7-10; one-way ANOVA, Tukey's multiple-comparison letters represent p<0.05).
A Dark phase Table comparing average meal patterns from control and CART KD of in the A) dark phase and B) light phase. C) Average daily energy intake spanning the full duration of the 5 week study broken down into 24 h, light or dark phase (n=8/7; Two way ANOVA: interaction F(2,28)=5,487, p=0.0098; Sidak's multiple comparisons * p<0,05). F) Energy expenditure over 24h in CART KD and control rats in function of their body weight (ANCOVA, no difference in slopes F(1,12)=0.3543, p=0.56 or intercepts F(1,13)=0.02202, p=0.8843). Re-fed
Sup Fig7. Blunted vagal CART expression in DIO is not restored by a dietary intervention
Related to Fig 6. A) Body weight of rats ( Fig 6F and GC fed a HFHS diet 8 weeks and switched back to chow compared to rats maintained on chow (n=7; two-way ANOVA interaction F(5, 60)=3.927, p=0.003; Sidak's multiple-comparison *p<0.05, ***p=0.0002). B) Daily food intake of DIO rats before and after dietary switch compared to lean rats fed chow diet (n=7; one-way ANOVA, Tukey's multiplecomparison letters represent p<0.05). C) Representative stitched image of age-matched control rats never fed HFHS diet retain postprandial CART up-regulation compared obese rats switched back to chow for 5 months (Fig6 F and G) . Scale bar 100µm. D) Percent CART + neurons increase with refeeding in right, but not left, NG (n=4; two-way ANOVA, interaction F(1,12)=6.597, p=0.025, Sidak's multiple comparisons *** p=0.0008).
